This paper presents results of evaluating different concepts of haptic and visual force feedback interfaces using a force-reflecting hand-controller designed to guide an ultrasound probe held by a robotic device. Experiments were conducted that resemble the type of path alignment and force regulating tasks that are needed to perform ultrasound examinations, remotely. In the first experiment, the effectiveness of visual force feedback, augmented haptic feedback and augmented haptic plus visual force feedback was tested. In the second experiment, the tasks were executed under communication network delays. The results confirm the expected observation that long variable communication delays degrade force regulating tasks using only the visual force feedback approach. The introduction of passive haptic feedback that constructs forces locally, allows participants to improve their performance, without causing instability due to variable or long network delays.
INTRODUCTION
With recent developments in communication systems, such as the Internet, it is now possible for health care providers to extend their services to remote areas. Simple medical procedures, such as follow-ups, can now be easily performed from a central location [1] . More complicated procedures, such as ultrasound examination, can be carried out using tele-robotic systems [2] . In this case, an expert must position a remote robotic device in order to guide an ultrasound probe over the patient's body, while maintaining the contact force between the probe and the patient. Such force control is normally accomplished using a bilateral control system where haptic feedback is often employed to provide a sense of touch, [3] .
In situations where the incorporation of haptic feedback is not feasible, either due to the destabilizing nature of communication delays [4, 5] , or the complexity of the tele-robotic system, haptic information can be conveyed to the operator via visual force feedback [6] . Visual force feedback is a graphical representation of haptic information that is achieved by changing the color and/or size of the visual stimulus. The method has been proven to be promising in replacing direct haptic feedback for various collaborative tasks and in the presence of constant network delays [7] [8] [9] .
Multi-modal interfaces have also been studied in situations where acquiring a sense of touch is still preferable in addition to visual feedback. Sallnas and Grohn [10] observed that perceived task performance as well as virtual presence can be improved by using a combination of haptic and visual force feedback. Richard et al. [11] studied user performance in dexterous manipulation of a soft and a hard object in virtual environment using visual, haptic, and auditive feedbacks. Results showed that haptic feedback enhanced performance for hard object manipulation. On the other hand, auditive force feedback proved better when handling soft objects. Visual force feedback was shown to be inefficient especially when interacting with soft object. The study did not consider efficiency of different force feedback mechanisms in the presence of different communication network delays. Basdogan et al. [12] studied the role of combined haptic and visual force feedbacks in collaborative tasks in the absence of communication delays. Alhalabi et al. [13] studied the effects of fixed constant delays in a cooperative virtual environment, where the users could visually see, kinesthetically interact over a network. Zhang et al. [14] used concepts of haptic and visual force feedback to illustrate kinematic behavior of mechanisms. For instance, the user is alerted with respect to reaching to a singular configuration in a two-link manipulator, using either visual force feedback or haptic feedback. Due to the nature of the application, force regulating in the presence of communication network delays was not needed to study in their work.
The primary motivation of this work is to further investigate the extent to which combined haptic and visual force feedbacks can improve task performance in a simulated remote force regulating task. The force regulating task of interest is to scan a simulated two-dimensional surface using a tele-operated probe and at the same time maintain the contact force between the tip of the probe and the surface within predefined limits. This canonical task represents a reallife constrained task, i.e., a remote ultrasound examination [15] . The ability to conduct such remote examinations is a promising approach for addressing some of the issues associated with the problem of distance between patients and clinicians. In particular, it offers the advantage of cost-saving, availability of expertise, remote accessibility and timeliness. This paper contributes to the development and improvement of robotic systems that enable physicians to perform ultrasound examinations on patients located in remote and isolated areas.
The merits of haptic and visual force feedbacks are first examined in an ideal setting, where there is no communication delay. Three different interfaces, namely, haptic feedback, visual force feedback, and combined haptic + visual force feedbacks are tested to gain some insight into what interface types are best suited for the force regulating application of interest in this paper. By testing the interfaces under ideal settings, it is possible to separate the effect of interface from the effect of communication system. Next, we extend the study to evaluate the effectiveness of combined visual force feedback and haptic-type interfaces under fixed and variable delay conditions. The significance of this paper is twofold. First, this paper investigates the introduction of additional feedback information by superimposing 'haptic clicks' onto the haptic feedback. Such haptic clicks are defined as force information overlaid on top of the reflected haptic feedback from a remote site or a virtual environment [16, 17] . This type of feedback can assist operators in distinguishing the level of the interaction forces. To the best of our knowledge, there has not been any previous work that has evaluated the relative performance between haptic feedback combined with haptic clicks and visual force feedback. Second, in order to prevent the potential destabilizing nature of communications latency, the concept of a bi-modal interface using the combined visual force feedback and passive haptic interfaces is studied. The passive haptic was designed to oppose the motion of the haptic grip creating a feel of springtype environment. Here, we investigate how this concept improves the ability of subjects to maintain the force in a desired range and examine the effect that delay can have on this aspect of the performance.
EXPERIMENT 1 2.1. Goal
The primary objective of the first experiment was to determine whether haptic feedback enhances performance over visual force feedback in a force regulating task. With respect to haptic feedback alone, force regulation is difficult in the absence of additional information from the object being operated on. Additional information can be provided by overlaying haptic clicks to the haptic feedback that enables operators to distinguish the level of the interaction forces. Haptic feedback combined with haptic clicks is referred to in this paper as 'augmented haptic feedback' and will be explained in detail in Section 2.2.4. Here we aim to evaluate the relative performance between haptic feedback combined with haptic clicks and visual force feedback, to the type of force regulating task under investigation.
Research on multi-modal interface design has shown that the presence of multi-modal feedback can greatly improve overall task performance [2, 10] . However, multi-modal feedback may decrease task performance for some tasks, due to requirements for additional processing and interpretation of feedback data, which may overload the operator with feedback information [8] . Therefore, we further investigate the effect of combined augmented haptic + visual force feedback in the context of the force regulating task under investigation and determine whether the combined feedback mechanisms assist or hinder users when they are presented simultaneously.
Methods 2.2.1. Participants
Ten subjects participated in this experiment. All of them were male volunteers with previous experience using standard joysticks but no experience with haptic devices. All participants were experienced with computer games, had excellent visual acuity and were not color blind. Figure 1 shows the hand-controller with which all the experiments were performed. The device has been specifically designed to facilitate the task of remote ultrasound examination [18] . The hand-controller is built upon parallel mechanisms and has a spherical workspace. The first two degrees of freedom (DoFs) are generated by two pantographs to provide a spherical motion of haptic grip about a remote center-of-motion (RCM). The third DoF represents a sliding motion of the haptic grip along the radius of the hemisphere and is capable of providing force feedback, along this axis, to the operator's hand. The hand-controller was interfaced to a 2.6 GHz Pentium IV PC through a Quanser data acquisition board. A brushed DC actuator with a quadrature encoder was used to power haptic grip.
Apparatus

Task
The force regulating task, developed to evaluate the effectiveness of our interfaces, uses the hand-controller described above. This canonical task simulates the basic ultrasound scanning operation in which a transducer is moved around the abdomen while maintaining pressure on the skin [19] . A schematic of the force regulating task is shown in Fig. 2 . It consists of tracing a straight path or an elliptical path, both of which would typically represent an extruded 3-D surface such as the abdomen, using a virtual probe. Both paths have equal lengths (160 mm). The task incorporates two motions of the hand-controller: the motion of one of the pantographs, and the sliding motion of the grip. A significant performance measure in this task is the operator's ability to maintain the contact force between the tip of the probe and the extruded path within predefined limits, i.e. 2.5 N to 5 N in compression. The operator must maintain the appropriate force range along the axis of the probe while moving the probe across the simulated surface. In terms of application towards tele-ultrasound imaging, the operator would either obtain inadequate ultrasound images or would apply excessive force (possibly injuring the patient), if the force cannot be regulated in this range. The range of constrained force (2.5-5 N) in this task is thus based on the minimum requirements for a successful ultrasound examination [20] . This range of contact force is considered hereafter to be the 'correct' applicable force range. Force regulation during scanning of straight and elliptical paths are referred to, in the remainder of the paper, as ''task 1'' and ''task 2'', respectively.
Interfaces
The first interface type is a haptic feedback augmented by haptic clicks. This interface transmits a representation of the interaction force to the operator's hand. The second interface uses an animated graphical icon to convey to the user the range of forces applied at every given point during the force regulating task. Size and color encoding are employed to provide a type of visual force feedback indicative of the range of force applied by the user. Such a visual force feedback interface provides a type of pseudo-haptic feedback to the operator [21, 22] . The third interface combines all of the elements of the first two interfaces. Each interface also includes a display showing the path and the location of the probe on the path similar to the graphic of Fig. 2 . All participants sit facing the display with the hand-controller directly in front of them. The three interfaces are now described in more detail.
Interface 1: Augmented haptic feedback (AH)
In this interface, the user is able to feel the characteristics of an artificial surface while visually observing a graphic display that shows the probe moving along the path. In addition to providing continuous force feedback, we implemented the concept of haptic clicks to inform users via kinesthetic feedback as to when they entered or exited the desired force range. Haptic clicks are defined as additional sensory information that is overlaid upon the reflected sensory feedback originating from the remote side or the virtual environment. Such augmentative feedback can be composed of haptic sensations generated by reflecting stimulated forces to the operator through a force-reflecting hand-controller. The haptic clicks can be compliant surfaces, damped surfaces and even attractive or repulsive fields.
The force profile employed for the proposed augmented haptic feedback is shown in Fig. 3 . When the virtual probe penetrates the surface (i.e. pressing into the surface), a virtual deformation is created that generates a resistive force against the virtual probe. The rendered force rate was 333 N/m. The DC motor of the hand controller creates the resistive force (by applying a controlled torque transmitted through via cable mechanism), in order to resists the operator's tendency to push the haptic grip downward and further deform the surface. When the applied force passes through narrow bands located between 2.5-2.6 N and 5.0-5.1 N, an additional 9 N pulse of resistive force is superimposed onto the rendered force profile to indicate that the operator has either entered or left the desired force range (2.5-5 N). The magnitude of the superimposed force was selected via experimentation and was always applied such that it opposed the user's direction of motion. The net effect can be best described as a ''click'' or detent that users must physically overcome in order to enter or leave the desired force band.
Interface 2: Visual force feedback (VFF)
This interface type was designed to enable users to perform the force regulating task without haptic support using the hand-controller in isotonic mode (position commander mode). The basic idea for representing contact force between the probe tip and the surface is depicted in Fig. 4 . A triangular icon is attached to, and moves with the tip of the probe. In order to convey to the user a sense of the magnitude of the contact force, the height of the triangle is changed smoothly and proportionally with the amount of the force exerted by the probe along its axis. Color coding is added to inform the user as to whether or not they are in the correct range of force (2.5-5 N). The triangle combined with color coding is called a ''visual cue'' in this paper. The triangle is green when the user is within the correct range of force and is red outside the correct range. This form of feedback is believed to be the visual counterpart of the augmented haptic feedback implemented in the haptic interface. Visual cues were shown to the users on a digital monitor (10246768 pixels). The subjects were seated approximately 50 cm away from the monitor.
Interface 3: Combined augmented haptic and visual force feedbacks (AH+VFF)
This interface combines both visual force feedback and augmented haptic interfaces described above. In practice, the dynamics of the haptic device should be highly responsive so that there is no discrepancy between the two feedback types. The haptic device in this work was designed to have a low inertia along the radial axis to provide fast response in that direction. Both the haptic and visual force feedbacks were updated simultaneously.
Procedure and Design
Each of the 10 subjects performed 12 trials of the force regulating task for each experimental condition. Prior to the trials, participants performed practice trials until they felt comfortable with operating the device and with the different interface types. During the practice trials, the participants learned to form an internal relationship between color/size of visual cues and haptic click/size of reflected force and the actual range of forces, i.e., 0-2.5 N, 2.5-5 N and more than 5 N. In order to initiate each experimental trial, the users located the probe at the starting position of the path. Each experimental trial began when the user moved the probe to the start position of the path and maintained a continuous pressure in approximately the middle of the correct range of force. After 2 seconds the user was signaled to begin to move the probe and scan the surface. The participants were instructed to scan the paths as quickly as possible while maintaining a contact force within the desired range (2.5-5 N). The task completion time was recorded for the movement of the probe from the start position to the end position. During the task, time history of the computed contact force was also recorded so that the force, as well as the range of the applied force, could be evaluated. Experiment 1 used a 3 (interface) 6 2 (task) factorial design. The independent variables are interface type and task type. For each experimental condition the users performed 12 trials. This gave a total of 10 (subjects) 6 6 (conditions) 6 12 (trials) 5 720 trials. The design was fully counterbalanced on interface type. For the second independent variable (task type) half the subjects performed task 1, first. The other half started with task 2. The statistical analysis of the results is discussed first followed by a discussion on the findings. Figure 5 summarizes the average completion times for all three interfaces and for both tasks. The results of the univariate analysis (see appendix for a brief description of the statistical methods we employed to perform our analyses) show that there is significant difference between interfaces (F(2,54)53.750, p50.03). There is no interaction effect between technique and task types (p50.802). A post-hoc analysis shows that there is a significant difference between augmented haptic and augmented haptic + visual force feedback conditions (p50.023). There is no significant difference between visual force feedback and augmented haptic + visual force feedback conditions (p50.276). The results also show that there is no significant difference between the augmented haptic and visual force feedback conditions (p50.47). The average mean completion time for task 1 (straight path) was 5.150 seconds and for task 2 (elliptical path) was 4.207 seconds. There was no significant difference between the two task types (F (1,54)53.040, p50.087).
Results 2.4.1 Completion time
Root mean square of applied force
Root mean square ''RMS'' of the applied force was also calculated. The RMS of the applied force was found to be in the correct range for all interfaces, as shown in Fig. 6 . A univariate analysis was used for comparing the RMS value of the applied force for each condition. The results show that there is a significant difference between interfaces (F(2,54)59.948, p,0.001). There is no interaction effect between technique and task types (p50.738). A post-hoc analysis shows that there is a significant difference between augmented haptic and visual force feedback (p50.004). There is also a significant difference between augmented haptic and augmented haptic + visual force feedback (p,0.001). However, there is no significant difference between visual force feedback and augmented haptic + visual force feedback (p50.693). The results also show that there is no significant effect of task condition on the RMS of the applied force (F(1,54)50.47, p50.496). An additional observation that can be made from Fig. 6 is that, for both tasks, the RMS values are closest to the middle of the correct range of force in the following ranking: augmented haptic followed by visual force feedback + augmented haptic interface. This is in spite of the fact that subjects were only asked to keep contact in the correct range and not necessarily in the middle of the range.
Force band
Due to the inherent aspect of patient safety with respect to the present application (ultrasound diagnosis), it is important to observe how far beyond the correct range of force operators can potentially go using the interfaces introduced in this paper, even if this condition occurs only once during any given trial. Figure 7 shows force trajectories for a randomly selected subject performing tasks 1 and 2 using augmented haptic, visual force feedback and augmented haptic + visual force feedback interfaces, respectively as the subject sweeps the grip between 45u and 135u. For each interface the range of applied force is larger for task 1 as compared to task 2. This is expected since the hand-controller used in this work has a spherical workspace that makes force regulation during line scanning more difficult. Figure 7 also shows that the subject has less force variation for task 2 in the range of 67.5u-112.5u compared to the same range for task 1. In the intervals 45u-112.5u and 112.5u-135u larger force variation is observable for both tasks. In these areas, both paths deviate more from the natural spherical path of the hand-controller. This causes the subjects to be challenged more in these areas to keep the force in the correct range. The kinematic similarity between the elliptical path (task 2) and the spherical path of the haptic device is believed to lead to more accurate force regulation.
The force band is defined as the difference between the maximum and minimum (peak-topeak) of the applied forces averaged over all trials. The result for each interface is shown in Fig. 8 . The results of a univariate analysis show that there is significant difference between all three techniques (F(2,54)536.548, p,0.001). There is no interaction effect between technique and task types (p50.689). A post-hoc analysis shows that there is a significant difference between augmented haptic and augmented haptic + visual force feedback conditions (p,0.001). There is also a difference between visual force feedback and augmented haptic + visual force feedback conditions (p50.060). There is also a significant difference between augmented haptic and visual force feedback conditions (p,0.001).
The force band becomes narrower from augmented haptic to visual force feedback + augmented haptic interfaces (Fig. 8) . The Augmented Haptic interface shows broader range of force as we observe from Fig. 8 . The force band in visual force feedback interface is smaller than the augmented haptic. The band becomes even smaller in augmented haptic + visual force feedback interface. This result suggests that the resistive force of augmented haptic in the combined interface assists the subjects to better regulate the applied force. The results indicate Fig. 6 . RMS of applied force using augmented haptic (AH), visual force feedback (VFF), and augmented haptic + visual force feedback (AH+VFF) interfaces for straight and elliptical paths.
that users are able to best regulate the applied force using the combined visual force feedback + augmented haptic interface. The results of univariate analysis also indicate a significant difference between the two tasks (F(1,54)566.171, p,0.001). The average force band for task 1 is 5.5 N and for task 2 is 3.6 N.
Discussion
The results of experiment 1 are summarized in Table 1 . In the Table the interfaces are ranked by using a larger the number of black dots to indicate better performance. Overall, the Augmented Haptic + Visual Force Feedback interface performed the best.
There was no significant difference in terms of completion time between augmented haptic feedback and visual force feedback interfaces. Therefore, visual force feedback can potentially replace augmented haptic feedback without affecting completion time for the specific tasks and for the particular hand-controller studied in this paper. The results show that the RMS of the Fig. 7 . Force trajectories of randomly selected subject: (a) force regulation on straight path using augmented haptic interface; (b) force regulation on elliptical path using augmented haptic interface; (c) force regulation on straight path using visual force feedback; (d) force regulation on elliptical path using visual force feedback; (e) force regulation on straight path using augmented haptic + visual force feedback; (f) force regulation on elliptical path using augmented haptic + visual force feedback interface.
applied force for both tasks and all interfaces is in the correct range. The participants operated close to the middle of the range using augmented haptic + visual force feedback for both tasks.
Using the haptic interface alone, it would be very difficult for the users to accurately control the amount of the force, because without special training we generally have no mechanism to determine the amount of force we are applying. Using the concept of haptic clicks, the users were able to regulate the applied force by maintaining the applied force in the correct range. The augmented haptic feedback, however, did not perform as effectively as visual force feedback with regard to regulation of the force band for the tasks studied in the present paper. Haptic clicks were similar when the users entered or left the force range, which may have decreased the performance of the haptic interface. If a visual force feedback cannot be implemented, we suggest designing new haptic clicks model that enables the users to distinguish if they are leaving or entering the correct range of force. Designing a new type of augmented haptic feedback may bring the performance of the haptic feedback to the level of visual force feedback.
Visual force feedback seems helpful for participants to easily regulate the force band. The subjects were able to easily process and handle the visual cues. However, according to the participants, it was easy to apply too much force to the surface due to the absence of any resistive force. Visual force feedback can potentially be used as a replacement for haptic feedback in the tasks studied in this paper where the implementation of instantaneous haptic is difficult. This result forms the benchmark for designing the second experiment in which the same task is studied in the presence of communication delays.
The combination of augmented haptic feedback and visual force feedback led to shorter task completion times and finer force regulation by the users. This result is in line with prior work by Sallnas and Grohn [10] and Basdogan et al. [12] who showed that conventional haptic + visual force feedback significantly improve task performance. According to participants, visual cues helped them to quickly enter the correct range of force while the resistive force of the augmented haptic interface stabilized the user hand motion and allowed them to control the force more accurately. 
EXPERIMENT 2 3.1. Goals
In the presence of communication delays, it is reasonable to expect that the task completion time should increase [23] . However for the task of interest, the more important measure of performance is the ability of the operator to maintain the force in the correct range. It is unclear what effect the delay will have on this aspect of the performance. Therefore, the purpose of the second experiment is to evaluate the effectiveness of visual force feedback and haptic interfaces on the force regulating task under communication delay conditions. In this experiment, we investigated the effect of simulated constant delays, typical of radio or fibre optic links, as well as variable delay channels (simulated Ethernet and ISDN networks). The potential destabilizing nature of communications latency precluded the use of bilateral force feedback due to issues related to the closed-loop stability. The two interfaces tested, were comprised of a visual force feedback as in the first experiment and a bi-modal interface which combined the visual force feedback with a passive haptic interface to be described in Section 3.2.2. The same measures of task performance as in the first experiment were recorded.
Methods 3.2.1. Participants
Ten subjects participated in this experiment. Nine participants were male and all had previous experience using joysticks but none had any experience with haptic devices. All of them had some experience using computer games. They all reported to have excellent visual acuity and were not color blind. We used the hand-controller as described in Section 2.2.2.
Interfaces
Two interfaces were designed for the second experiment. The first interface is the visual force feedback, similar to Experiment 1, with the exception that the visual force feedback is delayed to simulate the round-trip delay associated with a real communication system. The second interface is the combination of the same visual force feedback and a passive haptic system. Here, the haptic device is used in an assistive (passive) mode. The concept of passive haptic has been used by others in various manners, to give a feel of forces exerted on the slave manipulator and to enhance the performance of the operators [16, [24] [25] [26] .
The passive haptic was designed to oppose the motion of the haptic grip creating a feel of linear spring. The gain was adjusted during the pilot test of the system to roughly represent the expected range of force-displacement of the virtual environment. Once the contact with the virtual surface is established, a force feedback proportional to the displacement of the grip at the local site is presented to the subject to provide kinesthetic feedback representative of the interaction forces that are likely occurring at the remote site. This technique is applied to assist the operators and enhance their performance, while avoiding the problem of instability of using direct haptic interface in the presence of communication delays.
Implementation of Network Latency
Latency refers to the delay introduced by real communication networks in transferring information between the user and the teleoperated hardware located at the remote site. Latency can be constant or variable depending on the particular type of communications channel employed. Examples of constant delay networks, where the delay increases predictably with the distance between the sending and receiving nodes, include microwave and satellite networks. Variable latency communications networks include Ethernet and Integrated Services Digital Networks (ISDNs).
In this work, the effects of communications delays on task performance metrics of interest were studied using simulated communications channels. Two constant latency channels having 30-msec (representing a short delay) and 600-msec (representing a long delay) round-trip delays were simulated using a buffer to store the hand-controller position data, which were sampled at a rate of 1 kHz, for the duration of the delay period. Each data packet was given a timestamp to indicate when the data would arrive at the user's location. At each sampling instant, the system time was compared against the timestamps of the stored data packets. If the value of the timestamp indicates that the packet has been received at the user's location, the data are extracted and used to generate the delayed feedback on the user interface.
Two variable latency networks having average 28-msec and 594-msec round-trip delays were also implemented. In the experiments involving variable latency networks, each sample of the hand-controller data was associated with a delay time drawn randomly from one of the probability distributions shown in Fig. 9 . Referring to Fig. 9 , the probability distributions used to generate the variable delay times are similar to those observed for real Ethernet or ISDN channels (see Fig. 6 in [23] ). In a variable delay network, it is possible for the delayed samples to arrive out of order since transmission of some packets will be delayed longer than others. As suggested by Niemeyer and Slotine [27] , out of order packets are ignored and only the most current valid packets are used to update the user interface.
Procedure and Design
Each of the ten subjects performed 16 trials of the force regulating task for each experimental condition. Subjects performed practice trials before starting the experiment. Each user was given an opportunity to manipulate the haptic device with the haptic mode activated. At the same time, the visual cues were displayed so that each user could form a mental relationship between the visual and associated haptic feedback to overcome any limitations on the resolution and accuracy of the haptic feedback channel. The same protocol and instructions as in Experiment 1 were followed for this experiment as well.
This experiment was a 2 (interface) 6 5 (delay) factorial design. The independent variables were interface type (visual force feedback and combined passive haptic + visual force feedback) and simulated round-trip communication latency (0, 30, 600 msec constant as well as simulated Ethernet and ISDN networks).
Results
Completion time
The different delay conditions are coded as follows for the remaining of the paper: ''N'' (No delay); ''C1'' (30 msec constant delay); ''V1'' (simulated Ethernet delay); ''C2'' (600 msec constant delay) and ''V2'' (simulated ISDN delay). As is seen in Fig. 10 , the task completion time is almost the same for visual force feedback and passive haptic + visual force feedback interfaces with short delays N, C1 and V1. When the round-trip delay increased well beyond 30 msec as in C2 and V2, the completion time also increased. Due to our implementation, which discarded data packets that arrived out of order, the mean value of delay V2 is slightly smaller than the C2 condition. This may account for the shorter completion time for condition V2 as compared to C2. The results show an improvement with the passive haptic condition in the presence of a large delay such as C2. According to the subjects, haptic feedback helped to keep the probe on the surface during the time period between hand-controller motion and the observation of the result on the display.
A univariate analysis shows that there were significant effects of delay on completion times (F(4,90)57.185, p , 0.001) but no main significant effect of technique type of completion times (F(1,90)50.794, p50.375 ). There is no interaction effect between techniques and delay types (p50.631). Pair wise comparisons show that there is a significant difference between delay type N over delays C2 and V2 (p,0.001 and p50.001 respectively). However, there is no difference between delay type N over delays C1 and V1 (p50.702, p50.481). There is a significant difference between delay type C1 and delays C2 and V2 (p,0.001 and p50.003, respectively) but no difference between C1 and V1 (0.747). There is also a significant difference between V1 and delays C2 and V2 (p50.001 and p50.007, respectively). There is no difference between C2 and V2 (p50.536).
Root mean square of force
For both interfaces and all delay types, the RMS of the applied force is in the correct range (2.5 N to 5 N) as is shown in Fig. 11 . The RMS of the applied force for visual force feedback and passive haptic + visual force feedback are 4.0 and 3.5 N, respectively. A univariate analysis was used for comparing the RMS of the applied force. There is no significant difference between the RMS of the applied force for any delay conditions (F(4,90)50.332, p50.856) but the results do show significant differences between interface types (F(1,90)537.273, p,0.001). There is no interaction effect between techniques and delay types (p50.257).
Force band
The results of the applied force band under various delay conditions for visual force feedback and, passive haptic + visual force feedback interfaces are shown in Fig. 12 . A univariate analysis shows that there are significant effects of delay type (F(4,90)56.666, p,0.001) and technique type (F(1,90)59.934, p50.002) on force band. There is no interaction effect between techniques and delay types (p50.300). There is a significant difference between delay type N and delays C2 (p,0.001) and V2 (p50.024) but no difference between N, C1 and V1. There is also a significant difference between C2 and C1 (p,0.001) and V1 (p,0.001). Similarly, a significant difference is observed between V2 and C1 (p50.029) and V1 (p50.004). Interestingly, there is also a significant difference between C2 and V2 (p50.05).
These results show that there is a significant difference in force band between constant and variable delays, and between small and large delays (either constant or variable). The results also show that there is a significant difference in the force band for visual force feedback and passive haptic + visual force feedback interfaces (p50.002) with the average force band being 3.9 N with the visual force feedback condition and 3.1 N with the passive haptic + visual force feedback interface. This suggests that the passive haptic + visual force feedbacks assist operators in better controlling the range of forces applied in this task.
The passive haptic was helpful in assisting subjects to find the middle point of the correct force range. The force band (peak-to-peak) is increased in case of C2 and V2 yet, the passive haptic condition enabled the operators to better control the force band in all delay cases. The results generally show that passive haptic can enhance accuracy in task performance by improving force regulation, even in the presence of long delays.
We can deduce similar results by observing the force trajectories in Figs. 13 through 15 for two randomly selected subjects. Comparing visual force feedback and passive haptic + visual force feedback interfaces for long round-trip delays C2 and V2 for both subjects, Figs. [13] [14] [15] show that operators have smoother force trajectories when they use the combined interface. This is in-line with the work done by Sharon Oviatt [28] who showed that a well designed multi-modal interface fusing two or more information sources can effectively reduce recognition uncertainty and enhance system performance. The smoothness of all force trajectories is more consistent between 67.5u and 112.5u. Out of this range, more variations are observable which will be increased as time-delay goes higher. Higher force variation outside 67.5u-112.5u is a result of higher time-delay and more deviation from the spherical operating envelope of the hand-controller. Between 67.5u and 112.5u, the traced ellipse is closer to the circular path of the hand-controller therefore the movement range of their hands is small which leads to smaller errors in this area. By going out of this range, the subjects must manipulate the axis grip more, which leads to larger errors. These variations are magnified in the presence of the delay as we compare Figs. 13 and 15 in the 67.5u to 112.5u range.
Discussion
The results of this experiment are summarized in Table 2 . The more black dots, the better the performance of the interface.
The task completion time was equal for no-delay, small variable and constant delays. These results also show that completion time is affected more acutely by the length of the delay and not so much by the type of delay (constant or variable). Completion times are higher for larger delays than smaller delays, which is also in line with previous work [23] .
There is no significant difference between constant and variable delays, i.e. completion times do not change for small constant and small variable delays or, large constant and large variable delays for the task and interfaces studied in this paper. Due to our implementation, which discarded data packets that arrived out of order, the mean value of a large variable delay was smaller than the large constant delay. This might result in equal task completion time for large constant and variable delays.
With respect to the RMS of the applied force and force band in both interfaces, the RMS of the applied force was in the correct range with all types of delays. The performance of the subjects decreased as the amount of delay became larger. There was no significant difference between no-delay, small variable and constant delays likely due to human sensory-motor adaptation to small delays.
The results show that the subjects' performances under large variable delay were better than constant large delay. That might be due to our implementation which discarded data packets that arrived out of order. The mean value of large variable delay, V2, was smaller than large constant delay, C2, which resulted in longer task completion time.
Note that the focus of the present paper is on quantitative results and outcomes. However, qualitatively, according to subjects, when using only visual force feedback, they had a tendency to apply too much force on the surface because there was no resistive restricting their motion. It was also observed that the addition of the passive haptic in the combined passive haptic + visual force feedback interface enabled users to significantly reduce the force bands by resisting the motion of the haptic grip. The passive haptic in all delay conditions was helping them to become closer to the middle point of the correct force range. Therefore, the combination of passive haptic and visual force feedback in the presence of communication delays appears to be promising and should be further investigated in future works and with respect to other potential applications. 
CONCLUSIONS
This paper presented new results pertaining to the evaluation of a force-reflecting handcontroller designed to guide an ultrasound probe held by a robotic device in a remote location. In this task, the operator needs to trace a 2-D curve, and at the same time maintain the interaction force between the probe and the object in the correct range. Performance metrics included the task completion time, root mean square of the applied force and peak-to-peak force band. Two experiments were conducted. In the first experiment, we examined the potential of visual force feedback and augmented haptic interfaces under ideal conditions in the absence of communication delay. The results of this experiment showed that augmented haptic feedback can be replaced by visual force feedback for the particular force regulating task studied in this paper. The subjects were able to easily process and handle visual cues. However, the disadvantage of using only visual cues was that the subjects could potentially apply a large amount of force due to absence of the resistive force that would normally be applied during the interaction with the real surface. The subjects performed best with augmented haptic interface + visual force feedback. The visual cues helped them to maintain close to the average force while the instantaneous resistive force of the haptic led them to finer force regulation. This suggests that current methods of primarily relying on visual information only, such as video feeds, are not sufficient to deliver accurate remote information under remote ultrasound scanning tasks.
The results of the first set of experiments formed a baseline for the second experiment wherein we introduced and studied the impact of communication delays. The results indicated that completion time is affected more acutely by the length of the delay and not so much by the type of delay (constant or variable) in the context of remote force regulation task studied in this work. With only visual force feedback, the subjects reported that they could apply too much force on the surface because of the lack of resistive force arising from the surface. The addition of the passive haptic to the visual force feedback enabled subjects to significantly reduce the peak-to-peak forces due to the haptic grip resisting the motion. According to the subjects, passive haptic interfaces could help to stabilize their hands during the time period between hand-controller motion and the observation of the result on the display. The passive haptic in all delay conditions assisted them to stay closer to the middle of the correct range. In visual and passive haptic + visual force feedback interfaces with all types of delays, the subjects generally were able to maintain the average force in the correct range. Therefore, the combination of passive haptic and visual force feedback in the presence of communication delays should be further investigated more in the future. Future work should also investigate other form of visual force feedback visualization such as slider-like display that would also show where the force is relative to the extremes. The work should also be expanded to surfaces with variable stiffness. also introduce differences in the outcome of the other variable. The p-value or probability value, indicates the probability level at which we may have made an error. Ideally, differences between means are said to be significant when p , 0.05 or when there was less than 5 % chance in making an error. For example, we could make an error stating that the means are different, when they truly are not. Therefore, with a small margin of error, i.e. less than 5 % assures that the error is somewhat negligible. We ran our analyses using a popular statistical package referred to as SPSS [29] .
